Abstract: A multi-component reaction has been developed allowing direct access to pyrroloisoquinolines and pyrroloquinolines with new, electron-rich substitution patterns. The synthesised amino-substituted heterocyclic compounds and intermediates involved in their formation represent novel compounds. Focused microwave irradiation was used extensively to allow simple access to a wide temperature range using low boiling point solvents.
Heterocyclic rings based on the indolizine structure have received significant attention due to their extensive biological diversity and the richness of the target therapeutic classes they represent. Although not widely found in nature, indolizines comprise an important class of pharmaceutical compounds that exhibit and regulate many different biological functions. Compounds based on these core templates have been shown to act as powerful antimycobacterial agents, 1 and inhibit a range of targets such as 15-lipoxygenase, 2,3 secretory phospholipase A2 4 and testosterone 5a-reductase, 5 as well as enzymes involved in cancers, 6 and autoimmune disorders. 7 In addition, they have also demonstrated effectiveness in the treatment of several CNS disorders, 8, 9 cardiovascular complaints, 10 respiratory diseases 11 and have shown analgesic and antiinflammatory activity. 12 These same motifs have also found a niche as antagonists of calcium channels 13 and both 5-HT 4 14 and histamine H 3 receptors. 15 Finally, their application as antioxidants, 16 dyes 17 and spectral sensitisers 18 has also been recognised. Obviously the broad utility of these indolizine compounds have made them prime synthetic candidates resulting in the development of many synthetic routes which are well reviewed in the literature. 19 Nevertheless, in spite of all this synthetic effort, routes to structures possessing electron-rich arrangements around the indolizine have been very few. 20 This is especially true of those with functional attachments at the 1 and 2 positions of the pyrrole-type ring system ( Figure 1 ).
Our research group has long been interested in the synthesis of heterocyclic compounds utilising focused microwave irradiation, both in batch and flow-mode. 21 Herein, we report on a new route to pyrroloisoquinolines 1 and pyrroloquinolines 2 using microwave techniques enabling the introduction of a more diverse and electron-rich pattern of functionality at the 1-3 positions.
Our synthetic strategy was based upon the sequential condensation of a quinolinium or isoquinolinium salt with readily available isothiocyanates and isocyanides followed by intramolecular rearrangement to yield the desired extended pyrrole structure.
Preparation of Isoquinolinium Salts
The reaction of 2,4¢-dibromoacetophenone with isoquinoline led to the isoquinolinium salt 3 (Scheme 1). Subsequent addition of triethylamine (1.1 equiv) and an isothiocyanate (1 equiv) in CH 2 Cl 2 gave the corresponding betaine 4 ( Table 1) . Microwave irradiation (60 min, 100°C) was found to accelerate the reaction but did not increase the isolated yield. Further optimisation of these basic reactions was not attempted at this stage. Furthermore, no product arising from the secondary addition of the sulfur anion into the aromatic pyridinium ring, as has been suggested in previous studies, was observed. 22 
Addition of Isocyanide Components
Isocyanides are well-established, versatile synthetic reagents used in many multi-component reactions as a result of their unique reactivity. 23 Unfortunately, they are not as readily available as may always be desired. In this respect we have previously shown the viability of generating these reagents through the use of solid-supported reagents in conjunction with focused microwave irradiation 24 giving us ready access to a variety of components.
In our current synthetic sequence we proposed that the addition of an isocyanide to the zwitterion 4 would result in nucleophilic attack upon the isoquinolinium ring (Scheme 2). Indeed additions of this type to pyridinium species by isocyanides are well precedented. 25 Furthermore, in our case the presence of a second fused aromatic ring should help to reduce the degree of aromatic character lost upon initial attack making the attack more favoured. The resulting addition product is then capable of undergoing a favoured 6-exo-dig intramolecular cyclisation 26 followed by proton transfer to form the intermediate 7 with an anti-aromatic structure. Next, an intramolecular rearrangement driven by the thermodynamic sink of regaining aromaticity could occur via a postulated strained 6,5,3-tricyclic fused ring system that is likely to ring open to yield 9. The addition of a thiophile, for example, a phosphine would then induce elimination of the sulfur leading to the desired aromatic indolizine 10. An alternative mechanistic sequence, albeit leading to the same product, can be envisaged and involves the isocyanide initially behaving as an electrophile by attack of the thiolate of 4. This would then be followed by intramolecular cyclisation onto the pyridinium ring intercepting the same intermediate compound 6.
The postulated reaction sequence was initially tested and validated using the 4-nitrophenyl-substituted betaine 4a. This substrate was selected as it was the most insoluble betaine of those synthesised. Consequently it was hoped that a general set of conditions for all other substrates could be derived from its more difficult optimisation.
A solution of 4-chlorophenyl isocyanide (1 equiv) was added to betaine 4a and the reaction heated (microwave irradiation, 80°C) in the following solvents: acetone, MeCN, CHCl 3 , CH 2 Cl 2 , 1,4-dioxane, DMF, EtOH, and THF, respectively. After 26 hours, HPLC-MS analysis showed that the reactions performed in CHCl 3 and CH 2 Cl 2 no longer contained 4a but comprised a new compound, 6a (Figure 2) , with a mass corresponding to the addition adduct. The other solvents screened produced many more by-products and issues of decreased solubility were also encountered. Ultimately, CH 2 Cl 2 was chosen as the solvent for all further reactions in preference to CHCl 3 as it had already been used in previous steps. It was therefore hoped that this would eventually allow starting materials from previous stages to be used without the need for workup or solvent change, ultimately enabling a one-pot preparation of the desired compounds. NMR experiments on a sample of 6a isolated by column chromatography (22% yield 27 ) from a CH 2 Cl 2 solution suggested that the aromaticity of the isoquinoline ring had been lost due to the lowering of the chemical shift of the characteristic doublets [positions 14 and 13 ( This suggested the structure of 6a to be that shown in Scheme 2 (6), thus avoiding the alternative anti-aromatic structure 7. Intermediate 6b (Figure 2) , also isolated by column chromatography (11% yield), exhibited a similar NMR spectrum suggesting it also adopted structure 6. An HMQC experiment revealed that proton 6 (d = 5.27) was connected to an sp 3 hybridised carbon (d = 64.21), further supporting the proposed structure. Unfortunately, attempted crystallisation of both compounds 6a and 6b failed to produce crystals suitable for X-ray analysis making absolute determination of these new structures difficult.
Upon increasing the stoichiometry of the 4-chlorophenyl isocyanide, the reaction rate increased as expected. Employing a two equivalent excess reduced the reaction time to 11 hours as determined by depletion of 4a monitored by HPLC-MS. The time to completion also followed a standard Arrhenius trend when the reaction temperature was increased (90°C, 6 h; 100°C, 3 h). However, higher temperatures (>100°C) could not be used as these led to significant decomposition of the starting materials (i.e., retro-addition of the isothiocyanate to the pyridinium salts).
Interestingly, the HPLC-MS spectrum of the reaction mixture run at 100°C was found to contain two additional component signals compared to the reaction heated at only 80°C. One of these peaks had a mass corresponding to the loss of a sulfur atom from 6a indicating that conversion into the indolizine product 10aa had occurred. The second signal corresponded to that of 4-chlorophenyl isothiocyanate (authenticated against the known material) suggesting that the excess 4-chlorophenyl isocyanide could remove the sulfur from 6a forming the corresponding isothiocyanate (Path A, Scheme 3). To test this mechanism, only one equivalent of 4-chlorophenyl isocyanide was added to 4a and the reaction then heated at 100°C until all of 4a had reacted. The proposed formation of 10aa would not be expected since all of the isocyanide should have coupled to 4a; however, the major product was still 10aa suggesting an alternative reductive mechanism was taking place at the elevated temperature. This could be explained by the direct extrusion of sulfur 28 (Path B, Scheme 3). It is hard to discount either potential mechanistic pathway, indeed both may be acting. It has been shown that isocyanides can also be converted into isothiocyanates by heating with molecular sulfur, which could be the source of this by-product in our reactions. 29 It is interesting to note that the reaction only proceeds to the intermediate structure 6a at lower temperatures (80°C), but can be forced to the final product 10aa without the addition of further reagents at higher temperatures. This may be as a result of the large thermodynamic barrier associated with the five-membered ring formation of 11. From the reactions conducted at higher temperatures, the pyrroloisoquinoline 10aa could be isolated as a bright yellow amorphous solid (35% yield) by standard column chromatography. NMR analysis was entirely consistent with the expected product structure, however, repeated attempts at crystallisation in order to attain X-ray structural confirmation were not successful.
Next, to demonstrate the generality of the reaction, other betaine precursors 4 were investigated along with 4-methoxyphenyl isocyanide ( Table 2 ). The more electron-rich methoxy-substituted isocyanide did not show the same high temperature requirement as previously determined to induce sulfur elimination to yield the indolizine 10. The lower temperature of 80°C was sufficient to promote both the initial isocyanide addition and subsequent rearrangement.
One-Pot Reaction
In an effort to reduce decomposition of the reaction components and maximise yields of both 6 and 10, we aimed to find a method by which intermediate 6 was formed initially using lower temperatures and then converted into the pyrroloisoquinoline 10 by addition of a thiophile (such as a phosphine) without prolonged heating. In addition, in order to reduce the number of workup steps required during the synthesis, a one-pot reaction was envisaged where reaction mixtures were telescoped to the next step without purification. This seemed feasible as CH 2 Cl 2 had been used successfully as a solvent in all the previous steps. Also, in an attempt to gain compounds more suitable for crystallisation and hence X-ray analysis, the problematic nitro group introduced via 4-nitrophenyl isothiocyanate was replaced by the corresponding cyano variant. It was hoped that this would offer better solubility whilst retaining the electron-withdrawing nature. To this end, 4-cyanophenyl isothiocyanate (1 equiv) was stirred for 48 hours with isoquinolinium salt 3 and diethylaminomethyl polystyrene 30 (PS-NEt 2 , 1.1 equiv) resulting in complete conversion into the corresponding betaine 4d. The use of a solid-supported base permitted the product to be separated by simple filtration without the need for further workup. Experiments performed on 4d in CH 2 Cl 2 showed that significant decomposition began to occur under microwave irradiation at temperatures of 100°C and greater. With this in mind, 4-chlorophenyl isocyanide (1.5 equiv) was added to the crude solution of 4d and heated (microwave irradiation, 90°C, 6 h) until no betaine remained. Reaction monitoring by HPLC-MS showed the gradual generation of a signal with a mass corresponding to that of the intermediate 6. This product was isolated and purified by column chromatography and crystallised 31 as red needle like crystals (32% yield). NMR and X-ray analysis of the crystals confirmed the proposed structure 6d (Figure 3) . Comparison of the data obtained previously for compounds 6a and 6b suggested that they similarly adopt this same 6,6,6-tricyclic fused heterocyclic core. This core structure with both the imine and amine substituents is quite unique, representing a new and previously unprecedented heterocyclic system. Whilst the isolated yield of 6d was relatively poor, HPLC-MS and analysis of the crude 1 H NMR spectrum suggested that the conversion was significantly higher (>80%). This loss of yield was attributed to the noticeably poor stability (2D TLC analysis) of 6d on chromatography over both silica gel and alumina.
In an attempt to convert 6d into 10da under mild conditions, 6d was heated (microwave irradiation, 90°C) with PPh 3 (1 equiv) in CH 2 Cl 2 . After one hour, only minimal amounts of 10da were observed, likely due to the background thermal transformation as previously observed rather than the action of PPh 3 . An identical outcome was also obtained when PPh 3 was substituted for the more electron-rich P(OEt) 3 .
On further consideration of the mechanism, the intramolecular attack into the imine to form the five-membered core was considered to represent the highest energy transition and therefore would determine the reaction rate. Consequently the reaction should be promoted by acid catalysis. The reaction of 6d to 10da was therefore repeated under the same conditions (microwave irradiation, 90°C), but in the presence of TFA (2 equiv). HPLC-MS analysis after only 10 minutes indicated no remaining intermediate 6d; however, a new signal with a mass corresponding to that of the pyrroloisoquinoline 10da was present. It has been shown previously that indolizines form salts with strong acids, 32 hence the TFA was removed with a base rather than by evaporation. After removing the TFA by addition of macroporous polymer-supported carbonate (PS-CO 3 ), crude 10da was purified by column chromatography and crystallised 31 as yellow crystals (47% yield). X-ray and NMR analysis confirmed the proposed structure 10da (Figure 4 ). It was found that catalytic amounts of TFA (0.2 equiv) also effected the transformation under the same conditions, but resulted in a longer reaction time (45 min). The similar isolated yield (45%) suggests that the reaction is indeed catalytic in acid. The NMR spectra of the six synthesised pyrroloisoquinolines (Table 2 ) contained similar key characteristics to that of the fully characterised compound 10da supporting their structural assignments.
The reaction was also attempted using a macroporous polymer-supported sulfonic acid 33 (PS-SO 3 H) thus enabling the acid component to be simply removed by filtration at the end of the reaction. This approach was somewhat successful although a longer reaction time was required (1 h, 90°C), presumably as a result of slow diffusion of reagents into the polymer matrix and the weaker nature of the acid moiety. It was also noted that some of the product was captured by the polymer resin; however, this was not a selective process with other impurities also being sequestered. This meant that a 'catch and release' purification protocol 34 would not be appropriate in this instance.
To further investigate the effect of acidity on the reaction, a weaker acid namely AcOH (2 equiv) was also evaluated. In these reactions only trace amounts of the rearranged product 10da were observed after heating (microwave irradiation, 90°C, 70 min) suggesting that a relatively strong acid source is required for the transformation.
To determine whether any nonthermal or specific microwave effects 35 were involved, the reaction utilising TFA (0.2 equiv) was repeated using conventional heating methods. The temperature and pressure conditions achieved in the microwave heating experiments were simulated by submerging a sealed microwave tube into a preheated oil bath and, at the end of the heating period, the sample was rapidly cooled by submersion in cold water. The isolated yield of 10da (45%) was identical to that obtained previously, suggesting that a purely thermal process was in operation.
Having explored the reaction conditions and devised an optimised procedure, a small collection of compounds were prepared using a series of different isothiocyanates and isocyanides (Scheme 4, Table 3 ). Similar isolated yields were obtained when 3,5-bis(trifluoromethyl)phenyl isothiocyanate was used, however, when the reaction with benzyl isothiocyanate was attempted, a complex mixture was produced. Upon lowering the stoichiometry of TFA to 0.2 equivalents and increasing the heating time, the reactions with both 4-chlorophenyl isocyanide and 4-methoxyphenyl isocyanide gave better conversions to 10fa and 10fb, respectively. Unfortunately, isolation of 10fa in acceptable purity was not possible due to a co-eluting impurity, although analysis of the crude reaction mixture indicated a similar conversion and product profile.
Mechanistically the R 1 substituent is required to be electron-withdrawing in order to stabilise the ylide formed by deprotonation of the isoquinolinium salt; hitherto, the 4-bromophenacyl group had been used. To demonstrate that an alternative functionality could be used, the isoquinolinium salt 12 was prepared. Compound 12 was then subjected to the one-pot reaction conditions as applied previously (Table 3) . In all cases, the use of 2 equivalents of TFA resulted in the formation of complex mixtures, but better results were obtained when only 0.2 equivalents were used. The lower isolated yields of compound 13 can be partially attributed to the difficulty in isolation of the compound as a result of a closely-eluting impurity during chromatographic purification.
Since isoquinolinium salts had been used successfully throughout this research, it seemed likely that the method could also be applied to the analogous quinolinium salts. Consequently, salt 14 was formed in high yield (83%) in a similar procedure as used to form 3. The standard onepot procedure was then employed using 4-chlorophenyl isocyanide and resulted in the isolation of the expected product 15 in relatively good yield (Scheme 5, Table 4 ).
In summary, a new multi-component reaction has been developed that allows access to pyrroloisoquinolines and Scheme 4 One-pot reaction sequence for the generation of compounds 10 and 13
Scheme 5 Formation of quinoline derived pyrroloquinolines 15
pyrroloquinolines with novel substitution patterns. The multi-component nature of the reaction allows a large degree of molecular diversity to be introduced into the heterocyclic products by simply selecting alternative starting materials. A variety of amine substituents can be introduced bearing both electron-poor and electron-rich aryls, in addition to benzylic systems. The reaction utilised focused microwave irradiation as a heating protocol, enabling simple and safe access to temperatures above the standard boiling point of the solvent (CH 2 Cl 2 ). The isolated yields from the one-pot protocol are reasonable considering the sequence of transformations involved. Further work is underway to determine alternative purification procedures and to expand the range of substrates.
1 H NMR spectra were recorded on a Bruker Avance DPX-400, DRX-500 or DRX-600 spectrometer with residual DMSO or CHCl 3 as the internal reference (DMSO d H = 2.50 and CHCl 3 d H = 7.26). COSY and HMQC experiments were used to aid in the assignment of signals in the 1 H and 13 C NMR spectra. 13 C NMR spectra were recorded on the same spectrometers with the central peak of DMSO-d 6 or CDCl 3 as the internal reference (DMSO-d 6 d C = 39.5 and CDCl 3 d C = 77.2). DEPT 135 experiments were used to aid in the assignment of signals in the 13 C NMR spectra. Coupling constants (J) are quoted in Hz and recorded to the nearest 0.1 Hz.
1 H NMR assignments were made using the numbering system as specified in Figure 5 for the parent quinoline and isoquinoline systems respectively. Phenyl protons were labelled according to their IUPAC priority ring position ( Figure 5 ).
IR spectra were recorded neat as a thin film on a PerkinElmer Spectrum One FT-IR spectrometer using Universal ATR sampling accessories. Letters next to the IR absorptions refer to the relative absorbency of the peak; w = weak, less than 40% of the main peak; m = medium, ca. 41-74% of the main peak; s = strong, greater than 75% of the most intense peak.
High-resolution mass spectrometry (HRMS) within ± 5 ppm was carried out on a Waters Micromass LCT Premier spectrometer using time of flight with positive and negative electrospray ionisation. HPLC-MS analysis was performed via two methods; A: an Agilent HP 1100 series chromatograph [Mercury Luna 3m C18 (2) column] attached to a Waters ZQ2000 mass spectrometer with ESCi ionisation source in ESI mode. Elution was carried out at a flow rate of 0.6 Step 2 (h)
Step 3 (min) mL/min using a reverse phase gradient of MeCN and H 2 O containing 0.1% formic acid; and B: an Agilent HP 1100 chromatograph (Luna Max RP column) attached to an HPLC/MSD mass spectrometer. Elution was carried out at a flow rate of 1 mL/min using a reverse phase gradient of MeCN-H 2 O with both solvents containing 0.1% trifluoroacetic acid. The gradient runs for both methods are described in Table 5 .
Retention time (t R ) is in minutes and the m/z value is reported. Unless otherwise specified, reagents were obtained from commercial sources and used without further purification. 36 or a standard rotary evaporator. TLC was performed on Merck 60 F254 silica gel plates and were visualised using short wave ultraviolet light. Melting points were performed on a Reichert hot stage apparatus and are uncorrected.
2-[2-(4-Bromophenyl)-2-oxoethyl]isoquinolinium Bromide (3)
2,4¢-Dibromoacetophenone (18.00 g, 64.76 mmol) was dissolved in a minimum amount of CH 2 Cl 2 (50 mL). Isoquinoline (7.56 mL, 64.34 mmol) was added dropwise to the solution and the mixture was stirred overnight at r.t. The solvent was removed in vacuo, and the crude solid product triturated with Et 2 O. The sample was filtered and the solid dried in vacuo to yield the title compound as a cream solid; yield: 24.0 g (90%). 3-(4-Bromophenyl)-2-(isoquinolinium-2-yl)-1-(4-nitrophenylamino)-3-oxoprop-1-ene-1-thiolate (4a 3-(4-Bromophenyl)-2-(isoquinolinium-2-yl)-3-oxo-1-[3-(trifluoromethyl)phenylamino]prop-1-ene-1-thiolate (4c) Prepared according to the general procedure A using 3-(trifluoromethyl)phenyl isothiocyanate to yield the title compound as a yellow-orange powder; yield (Method A2): 6.58 g (90%). 
Indolizines and Their Intermediates; General Procedure B
A mixture of isocyanide and compound 4 in CH 2 Cl 2 (4.5 mL) was heated (microwave irradiation). The solvent was removed in vacuo and the residue purified by flash column chromatography using a Varian Bond Elut SI 40 mm silica column 37 and eluting with the specified solvent system. Bromophenyl)[1-(4-methoxyphenylamino)-2-(4-nitrophenylamino)pyrrolo[2,1-a]isoquinolin-3-yl]methanone (10ab 
HPLC-MS (B)
:
(Z)-3-(4-Bromophenyl)-1-(4-cyanophenylamino)-2-(isoquinolinium-2-yl)-3-oxoprop-1-ene-1-thiolate (4d)
A suspension of compound 3 (4.00 g, 9.83 mmol), 4-cyanophenyl isothiocyanate (1.57 g, 9.83 mmol) and PS-NEt 2 (3.38 g, 10.81 mmol) in CH 2 Cl 2 (50 mL) was stirred overnight at r.t. The mixture was filtered, the product washed from the polymer with CH 2 Cl 2 (100 mL) and DMF (30 mL), and the solvent removed in vacuo. The resultant solid was washed with PE (20 mL), a minimal volume of CH 2 Cl 2 , and the product dried in vacuo to yield the title compound as a bright yellow powder; yield: 4.28 g (89%). 
Purification of Products by Flash Column Chromatography
Using a Biotage SP4 Purification System; 36 General Procedure C The sample was dissolved in a minimum amount of CH 2 Cl 2 , then loaded onto a Biotage 25+
TM samplet and dried in vacuo at r.t. A 48 mL Biotage FLASH 25+ TM M silica cartridge was primed with 60 mL of a 6% EtOAc-PE solution at a flow rate of 25 mL/min, then the samplet was loaded onto the top of the column. A solvent gradient was run according to Table 6 with a flow rate of 20 mL/min, with the initial 2 column volumes directed to waste, then the remaining eluent collected in 24 mL fractions. overnight. An isocyanide (1 equiv) was added and the mixture heated (microwave irradiation, 90°C, 6 h). TFA (37 mL, 0.5 mmol) was added and the mixture again heated (microwave irradiation, 90°C, 10 min). PS-CO 3 (239 mg, 0.626 mmol) was added, and after stirring (15 min), the mixture was filtered, washed with CH 2 Cl 2 (20 mL) and the solvent removed in vacuo. The residue was purified by chromatography using a Biotage SP4 following general procedure C.
4-[4-(4-

4-[3-(4-Bromobenzoyl)-1-(4-chlorophenylamino)pyrrolo[2,1-a]isoquinolin-2-ylamino]benzonitrile (10da)
Method 1: Prepared according to the general procedure D using 4-cyanophenyl isothiocyanate (40 mg, 0.250 mmol) and 4-chlorophenyl isocyanide (52 mg, 0.378 mmol). The product was recrystallised by dissolving the sample in a minimum amount of CH 2 Cl 2 and allowing n-hexane to diffuse into the solution.
Method 2:
The reaction was repeated using identical conditions to Method 1, except TFA (3.7 mL, 0.050 mmol) followed by heating (90°C, 45 min) and PS-CO 3 (48 mg, 0.126 mmol).
Method 3:
The reaction was repeated using identical conditions to Method 2, except heating was performed in both cases by immersing the sealed microwave tube into a pre-heated oil bath at 90°C. 4-[3-(4-Bromobenzoyl)-1-(4-methoxyphenylamino)pyrrolo[2,1-a]isoquinolin-2-ylamino]benzonitrile (10db {2-[3,5-Bis(trifluoromethyl)phenylamino]-1-(4-methoxyphenylamino)pyrrolo[2,1-a]isoquinolin-3-yl}(4-bromophenyl) This compound was not used in the procedures due to the insolubility of the compound in CH 2 Cl 2 .
X-ray Data
2-(Cyanomethyl)isoquinolinium Bromide (12)
Bromoacetonitrile (7.50 mL, 107.54 mmol) was dissolved in CH 2 Cl 2 (80 mL). Isoquinoline (12.64 mL, 108.62 mmol) was added dropwise to the mixture followed by stirring overnight at r.t. The solvent was removed in vacuo, the residue was washed with PE (20 mL) and Et 2 O (10 mL), and dried in vacuo; yield: 17.3 g (65%); pale yellow solid. 
